Introduction
We previously identified ONC201/TIC10 as a small molecule that upregulates endogenous TNF-related apoptosis-inducing ligand (TRAIL) in tumor and normal cells, and restores autocrine and paracrine antitumor activity within tumor cells (1) . The search for TRAIL-inducing compounds (TICs) was specifically aimed at identifying compounds that do not rely on p53, leading to the discovery of ONC201/TIC10. The novel anticancer therapeutic ONC201 upregulates endogenous TRAIL expression through dual blockade of Akt and ERK, which releases Foxo3a to enter the nucleus and transcriptionally activate the TRAIL gene (1). Our prior work using shTRAIL and RIK-2 (a TRAIL-blocking antibody) demonstrated the relevance of TRAIL to the mechanism of action of ONC201 (1-3). As we investigated the kinetics of cell death, we discovered that at early time points ONC201 activates the integrated stress response, inducing eIF2-α-dependent ATF4 and CHOP and increasing TRAIL death receptor 5 (DR5) expression (4) (5) (6) . We also recently demonstrated potent antitumor effects on colorectal cancers initiated by cancer stem/progenitor cells (CSCs) (7) . In vivo, first-in-class small molecule ONC201 exhibits a broad spectrum of anticancer activity, a wide safety margin, robust stability, aqueous solubility, blood-brain barrier penetration, and favorable pharmacokinetics (1) (2) (3) (4) (5) (7) (8) (9) (10) (11) (12) (13) (14) .
Prior evidence has demonstrated that TRAIL can inhibit cancer metastasis (15) (16) (17) (18) . Inactivating mutations in the TRAIL-R1 and TRAIL-R2 genes have been observed in metastases in several tumor types, including mammary tumors and melanoma (19, 20) . The TRAIL pathway is part of the innate host immune surveillance mechanism against cancer and involves activation of the extrinsic cell death pathway selectively in cancer cells. As part of the immune system, NK cells respond to cellular signals that can trigger their activation, releasing perforins and granzymes and inducing cellular lysis within the tumor. In addition, NK cells secrete TRAIL and produce cytokines including IFN-γ that promote apoptosis in tumor cells and recruit other immune-like cells (21) (22) (23) .
The therapeutic promise of ONC201 in preclinical in vivo studies in solid tumors, hematological malignancies, and cancer stem cells prompted its ongoing clinical development. In phase I clinical testing with ONC201, patients, including those with prostate cancer, were treated every 3 weeks, and the drug showed safety and promising efficacy in multiple tumor types (13, 24) . The recommended phase II dose (RP2D) of ONC201 was determined to be 625 mg given orally every 3 weeks to patients with advanced cancer (24) .
ONC201 is a first-in-class, orally active antitumor agent that upregulates cytotoxic TRAIL pathway signaling in cancer cells. ONC201 has demonstrated safety and preliminary efficacy in a first-in-human trial in which patients were dosed every 3 weeks. We hypothesized that dose intensification of ONC201 may impact antitumor efficacy. We discovered that ONC201 exerts dose-and schedule-dependent effects on tumor progression and cell death signaling in vivo. With dose intensification, we note a potent anti-metastasis effect and inhibition of cancer cell migration and invasion. Our preclinical results prompted a change in ONC201 dosing in all open clinical trials. We observed accumulation of activated NK + and CD3 + cells within ONC201-treated tumors and that NK cell depletion inhibits ONC201 efficacy in vivo, including against TRAIL/ONC201-resistant Bax -/-tumors. Immunocompetent NCR1-GFP mice, in which NK cells express GFP, demonstrated GFP + NK cell infiltration of syngeneic MC38 colorectal tumors. Activation of primary human NK cells and increased degranulation occurred in response to ONC201. Coculture experiments identified a role for TRAIL in human NK-mediated antitumor cytotoxicity. Preclinical results indicate the potential utility for ONC201 plus anti-PD-1 therapy. We observed an increase in activated TRAIL-secreting NK cells in the peripheral blood of patients after ONC201 treatment. The results offer what we believe to be a unique pathway of immune stimulation for cancer therapy.
Dose intensification of TRAIL-inducing ONC201 inhibits metastasis and promotes intratumoral NK cell recruitment tolerated in the clinic, we explored the potential to augment its anti tumor efficacy through dose intensification in preclinical models. We found that dose intensification of ONC201 significantly increased the extent of tumor growth inhibition in colorectal HCT116 p53 -/-, HT29, and breast MDA-MB-231 human tumor xenografts ( Figure 1 , A-C, and Supplemental Figure 1 , A-C and F; supplemental material available online with this article; https://doi. org/10.1172/JCI96711DS1). Doses of 50 mg/kg and 100 mg/kg impacted primary tumor growth in a drug administration frequency-dependent manner in the aggressive HT29 xenograft (Supplemental Figure 1E ). Importantly, some tumors were completely ablated after 100 mg/kg weekly dosage for a month in HCT116 p53 -/-or MDA-MB-231 tumor-bearing mice (Supplemental Figure  1 , A and C). In mice, we found no significant difference in efficacy over a range of ONC201 doses from 25 to 100 mg/kg via the oral compared with i.p. route every 2 weeks (Supplemental Figure 2A) . Moreover, weekly oral dosing of ONC201 appeared as effective as daily treatment (Supplemental Figure 2 , B and C). This suggests that the pharmacodynamic properties of ONC201 are maximal with weekly administration, and that weekly administration is more efficacious than less-frequent dosing in mice. Importantly, administering a cumulative dose of 600 mg/kg ONC201 given via 6 weekly 100 mg/kg doses did not cause toxicity, affect weight, or decrease survival of the mice (Supplemental Figure 3 , A-C).
To maximize the clinical benefits of ONC201 and further elucidate its mechanism of action, we investigate here the impact of dose intensification on ONC201's antitumor efficacy, and unravel its anti-metastasis properties and ability to induce an immune response leading suppression of to tumor growth. Through the use of syngeneic mouse models, coculture of established human NK and tumor cells, and primary normal and cancer patient NK cell data, we have uncovered an unanticipated immune-stimulatory antitumor effect of ONC201 involving NK and T cells along with a potent anti-metastasis effect. We further explored the mechanism to determine that TRAIL plays a role in both ONC201 antimetastasis and ONC201-induced NK cell cytotoxicity. Finally, we identified key chemokines and cytokines that are upregulated by ONC201 treatment. We explored the consequences of NK cell depletion in vivo and, in preliminary experiments, the prospects of combining ONC201 with anti-programmed cell death 1 (anti-PD-1) therapy. Our findings reveal aspects of the mechanism of action of the antitumor compound ONC201, including insights into its antimetastasis and pro-immune response activity, and potentially more efficacious dosing regimens for the drug in clinical trials.
Results

ONC201 dose intensification negatively impacts tumor growth and metastasis.
Given that every 3-week ONC201 dosing was well . Percent tumor calculated by diving each tumor volume by the average tumor volume in the vehicle-treated group and multiplying by 100. *P < 0.05, **P < 0.01 compared with vehicle using 2-sided Wilcoxon's rank-sum test. Data represent mean ± SD. jci. For Western blots and qRT-PCR: n = 6, run twice in triplicate of each sample. For ELISA, n = 4 run in duplicate, samples were frozen until end of mouse experiment and then run through the assay. All samples were harvested 4 weeks after treatment began, unless otherwise indicated. *P < 0.05, **P < 0.01, ***P < 0.005, compared with vehicle unless indicated, 2-sided Wilcoxon's rank sum test; for C, only the last time point was analyzed for statistical significance. Data represent mean ± SD. jci.org Volume 128 Number 6 June 2018
of the 25-mg/kg cohort) or inhibited metastases (in the case of higher-dosed cohorts) in these subcutaneous HT29 models ( Figure 3A and Supplemental Figure 5 , A-C) and a secondary model where the subcutaneous primary tumor was surgically removed and metastases were allowed to grow before ONC201 treatment ( Figure 3B ). Increasing the ONC201 dose and administration frequency reduced the number, size, and incidence of metastases (Supplemental Figure 5 , A-C). In orthotopic MDA-MB-231 or subcutaneous HT29 xenograft-bearing mice, weekly MRI analysis and end-of-life bioluminescence imaging results confirmed that metastases develop independently of the primary tumor xenograft ( Figure 3A and Supplemental Figure 5 , D-F). We observed a similar anti-metastasis effect of ONC201 in the immunocompetent subcutaneous CT26 xenograft model in syngeneic BALB/c mice and in the athymic nude mice injected with HCT116-GFP that had their subcutaneous tumor removed when it reached a diameter of 10 mm, with only the vehicle-treated mice showing metastatic cell populations 2A). The degree of ISR activation as monitored by CHOP or ATF4 mRNA induction was significantly increased with more frequent me of ONC201 (every 1-2 weeks versus every 3-4 weeks). On the other hand, increasing the ONC201 dose did not further amplify CHOP upregulation at 50 or 100 mg/kg relative to 25 mg/kg given weekly ( Figure 2B and Supplemental Figure 4A ). We observed a frequency-but not a dose-dependent effect on serum TRAIL levels. Maximum serum TRAIL levels were achieved (150 pg/ml) when ONC201 was administered weekly even at low doses of 25 mg/kg ( Figure 2C and Supplemental Figure 4 , B and C). Similar trends were observed with respect to overall TRAIL expression (Supplemental Figure 4D) . ONC201 inhibits metastasis, and migration and invasion, via a TRAIL-dependent mechanism. Given the potential antimetastatic effects of TRAIL signaling, we hypothesized that ONC201 -as a compound that upregulates TRAIL and DR5 as part of its mechanism -would suppress metastatic tumor development. We observed that ONC201 reduced (in the case Figure 5H ). We also observed an impact on metastasis in mice treated with ONC201 or vehicle immediately after receiving tail vein injections (Supplemental Figure 5I ). ONC201 suppressed cell migration in vitro in HCT116 and HT29 cells as demonstrated by Boyden chamber and xCELLi-( Figure 3B and Supplemental Figure 5G ). This anti-metastasis effect was further observed in metastatic tumors of mice -as documented through CT imaging -that had received HT29 or HCT116 p53 -/-xenografts by tail vein injection and were treated with vehicle or ONC201. Overall, the size of the metastases on the lungs decreased in the ONC201-treated cohorts, while the For in vitro migration/invasion studies, n = 4 run 2 separate times. All samples were harvested 4 weeks after treatment began unless indicated. *P < 0.05 compared with vehicle unless indicated using 2-sided Wilcoxon's rank-sum test. For IHC studies, when 3 IHC slides were analyzed per tumor, the mean of each tumor was compared using a 2-sided Wilcoxon's rank-sum test. Data represent mean ± SD. jci.org Volume 128 Number 6 June 2018 Figure 4A and Supplemental Figure 6E ). Invasion as assessed via a scratch assay was also impaired by ONC201, but was partially restored following treatment with RIK-2 (Supplemental Figure 6F ). In in vivo experiments using the same tail vein method, wherein mice were treated with ONC201 or vehicle once tumors were noted, we observed a decrease in metastasis size and number in MDA-MB-231 WT tumor-bearing mice as compared with MDA-MB-231 shTRAIL tumor-bearing mice ( Figure 4 , B and C). This impact was also noted in mice treated immediately after tail vein injection of tumor cells (Supplemental Figure 5 , G-I). Interestingly, there was a slight difference observed in cleaved caspase-3 levels between the tumor cohorts, but there was a statistically significant difference in the number of Ki-67 + cells between the vehicle-and ONC201-treated mice bearing the WT tumors, and no significant difference in the mice bearing the shTRAIL tumors ( Figure 4 , D-F). These results suggest that ONC201 inhibits metastasis at least in part by downregulating tumor cell migration and invasion in a TRAIL-dependent manner (17) .
ONC201 induces CD3 + NK cell accumulation, which plays an important role in the antitumor effect. Given the potential role of NK cells in preventing metastases through the secretion of TRAIL (25) Figure 9 , A-D). Importantly, upregulation of NK + and CD3 + cells was observed in blood of non-tumor-bearing mice, indicating that the immune effect was not due to extrinsic signaling from ONC201-treated tumors alone (Supplemental Figure 9E) . These ONC201-stimulated NK cells expressed granzyme at a higher MFI and expressed IFN-γ ( Figure 5D and Supplemental Figure  9F ). Importantly, ONC201 activated human primary NK cells from healthy donors by dramatically increasing IFN-γ expression and causing increased degranulation of NK cells by increasing LAMP1 expression in the presence of target cells ( Figure 6 and Supplemental Figure 10 ). Recruitment of CD4 + and CD8 + cells to the tumor was also observed (Supplemental Figure 9G) . The susceptibility of HCT116 Bax -/-and RKO-ONC201-resistant cells to ONC201 in vivo, despite their resistance to ONC201 in vitro, implicated involvement of an immune response in ONC201-mediated tumor suppression ( Figure 7A and Supplemental Figure  11A ). Importantly, depletion of NK cells with the anti-asialo-GM1 antibody significantly attenuated the observed ONC201 antitumor efficacy in CT26, MC38, and Bax -/-tumor models despite there still being an increased presence of CD3 + T cells in the syngeneic models ( Figure 7 , A and B, and Supplemental Figure 11 , B and C). We found no significant impact from ONC201 compared with vehicle on perforin-induced cytotoxicity in MC38 tumors in either WT or perforin-KO (Prf -/-) C57BL/6 mice (Supplemental Figure 11 , D and E). Interestingly, we saw no impact on T cell depletion using a CD8a inhibitor in combination with ONC201 in 
ONC201-induced NK activation/accumulation and antitumor effect are mediated through a pro-immune mechanism whereby several key factors, including TRAIL, IFN-α2a, and IP-10 (CXCL10)
, are upregulated. We further investigated mechanisms by which NK cells contribute to ONC201 antitumor activity in vitro. To further explore the potential mechanism of ONC201-induced NK activation and accumulation, we performed a multiplex ELISA-based assay and identified immune activating and recruiting factors that are upregulated in conditioned media of tumor cells in response to ONC201 treatment. This included IFN-α2a, IL-12p70, and IFN-γ-induced protein 10 (IP-10, or CXCL10) ( Figure 7 , E and F, and Supplemental Figure 15 ). Cell culture experiments with NK92 cells confirmed in vivo results indicating that ONC201 induces NK cell activation and TRAIL secretion (Supplemental Figure 16, A and B) . Complementing our in vivo data, coculture studies of NK cells or conditioned media with tumor cells, including the ONC201-resistant HCT116 Bax -/-cells, confirmed that the ONC201 antitumor effect occurs as a result of ONC201 activation of NK cells, since neither the inactive NK cells nor ONC201 treatment alone significantly induce tumor cytotoxicity in a model that is resistant to direct drug effects (Supplemental Figure 13 and Supplemental Figure 16C ). Moreover, addition of the TRAIL-sequestering antibody RIK-2 reduced but did not eliminate the cytotoxic activity toward tumor cells. These results indicate that ONC201 efficacy is potentiated by ONC201 activation of NK cells to produce TRAIL ( 
Discussion
We demonstrate in this study that dose intensification of ONC201 increases antitumor drug efficacy, in part by amplifying ONC201's ability to induce TRAIL and activate the ISR, without impacting toxicity. In vivo, dose intensification sustains a more potent growth and survival pathway inhibition. The impact of these results is of immediate relevance to clinical trials, where the frequency of administration is being increased to weekly dosing as a new RP2D. We uncover an aspect of the antitumor effect of ONC201: namely, powerful blockade of metastasis that may be at least in part due to ONC201's ability to inhibit tumor cell migration and invasion. We MC38 mice, suggesting that NK cells may have a greater impact on antitumor efficacy during ONC201 treatments than CD3 + cells (Supplemental Figure 11 , F and G).
To investigate the impact of ONC201's pro-immune response on metastasis, we analyzed metastases from tail vein-injected HCT116, HCT116 Bax -/-, and MC38 mice. We saw no increase in lymphocyte populations, including of NK cells or CD3 + cells, in any of these metastases (Supplemental Figure 12) .
ONC201's efficacy derives from direct tumor cell death and NK cell-related tumor cell death. Using the TRAIL-resistant HCT116 Bax -/-xenografts compared with WT HCT116 xenografts, we determined that ONC201's impact on Bax -/-tumor growth could be significantly attenuated when NK cells were depleted in vivo, whereas the NK cell depletion in the sensitive WT cell line only slightly impacted antitumor efficacy (Supplemental Figure 13) . However, there was still an antitumor effect from ONC201 treatment on HCT116 Bax -/-cells in NSG mice carrying no NK cells, T cells, or myeloid cells (Supplemental Figure 13, C and D) . We noted a slight decrease in the number of Ki-67 + cells when mice were treated with ONC201 and no change in cleaved caspase-3 (Supplemental Figure 13, E-G) .
PD-1 inhibitors in combination with ONC201 may enhance antitumor efficacy. We noted potent antitumor effects in vivo despite the presence of increased PD-1 expression in CD3 + cells within ONC201-treated tumors, and given that ONC201 is efficacious in athymic nu/nu mice, we sought to leverage the ONC201-induced T cell effect in immunocompetent mice. We therefore explored the combination of ONC201 with anti-PD-1 therapy and preliminarily found evidence for more potent in vivo tumor suppression with the combination versus anti-PD-1 therapy alone ( Figure 5 , E and F). This effect was not seen in CT26-bearing mice treated with low doses of ONC201 or in MC38-bearing mice (Supplemental Figure 14, A-G) . Since we suspected that PD-1 may be present within T cells or NK cells (26, 27) , we examined the impact of PD-1 on CD3 + cells in terms of ONC201 treatment using a combination of anti-PD-1 and the NK-depleting antibody anti-GM1. We saw only a slight but not significant difference in anti-PD-1-treated cohorts when NK cells were depleted (Supplemental Figure 14, F and G) . -/-GM1 studies. For cocultures, n = 3 and samples were run separately twice. For multiplex, n = 3 run in duplicate (6 samples total). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 compared with vehicle using 2-sided Wilcoxon's rank-sum test; for multiplex ELISA study, 3 separate conditioned media samples per cohort were harvested and run in duplicate. The mean of each duplicate was taken and compared using a 2-sided Wilcoxon's rank-sum test. Data represent mean ± SD. jci.org Volume 128 Number 6 June 2018
conditioned media indicates that NK cells promote cytotoxicity through other tumor-suppression mechanisms, namely cytokine secretion and direct NK-tumor cell contact (28). However, there was still efficacy in vivo, including within the Bax -/-xenograftcarrying NSG mice. Given that there was a slight decrease in Ki-67 + cells and there was an impact on tumor growth during ONC201 treatment regardless of immune-related cytotoxicity, it is likely that ONC201 may require both its intrinsic-direct cytotoxic mechanisms and a possible immune response to suppress more ONC201-resistant tumors in vivo. Finally, although there appears to be an impact on degranulation in human primary NK cells, interestingly there was no impact of ONC201 treatment in Prf -/-compared with WT mice. Since MC38 tumors were still affected by ONC201 treatment, this may indicate that the role of direct NK cell killing is not necessary for ONC201's pro-immune effects. Further studies of whether this could be mitigated in other tumors may clarify this further.
The immune effects of ONC201 play a role in its mechanism of action in vivo that is highly relevant in ONC201-resistant tumors and contributes to antitumor effects in models where ONC201 sensitivity is observed in the absence of NK cells. We did not observe an increase in lymphocytes or immune cells in the larger metastases treated with ONC201. This could be due to the limited size of the metastases, given that they were substantially smaller than our subcutaneous primary tumors. It is possible given limitations of the size of metastases in mice that the role of immune stimulation with regard to the impact of ONC201 on metastases may be better investigated in the context of the ONC201 clinical trials with human patients. Also, there could be an effect within the tumor microenvironment, as it is possible that ONC201's pro-immune response may not bypass a stroma-heavy tumor, which may represent a difference from subcutaneously implanted tumors, which are not surrounded by epithelium from the lung as occurs in patients. Further, studies into the effect of ONC201 on the tumor microenvironment should be pursued to establish whether ONC201 can cause the tumor microenvironment to secrete antiinflammatory cytokines and protect the tumor. Nonetheless, ONC201 has a potent anti-metastasis effect that is relevant to its use as cancer therapy in patients.
Importantly, our multiplex assay indicated that in response to ONC201 treatment, colorectal tumor cells secrete immuneunexpectedly discovered that ONC201 stimulates mobilization and activation of NK cell activity, including infiltration of tumors in tumor-bearing mice, and cytotoxic effects of NK cells toward ONC201-sensitive or -resistant tumor cells. Optimum pharmacodynamic effects of ONC201 were observed with weekly dosing even though the drug half-life is 10 hours (9). Dose intensification of ONC201 increased the extent of pro-survival kinase (Akt and ERK) inhibition, leading to increased TRAIL expression and signaling in vivo, causing a more efficacious tumor growth inhibition and anti-metastasis effects. Given the impact of ONC201 on the number and size of colorectal xenograft metastases in both the surgical and tail vein injection models, we can conclude that ONC201 suppresses metastases in vivo. While the role of TRAIL in ONC201's anti-metastasis effect is apparent in the in vitro studies, there was not a significant impact on TRAIL inhibition within the tumor in vivo. This may be due to the impact of TRAIL induction from ONC201 globally, and further studies suppressing TRAIL within the entire mouse may help clarify the importance of TRAIL in vivo. Further, we cannot rule out other yet-to-be-discovered mechanisms that may play a role in the ability of the drug to inhibit migration and invasion. Further studies are warranted to investigate other pathways activated by ONC201 that may play a role in the anti-metastasis effect. ONC201's ability to reduce migration is not dependent on its cytotoxic activity, and downregulation of the TRAIL pathway indicates that ONC201 exerts its anti-metastasis effects partially via a TRAIL-dependent mechanism (13) . Also, given that the strongest impact on tumor growth within the MDA-MB-231 and shTRAIL tumors seemed to be from a decrease in Ki-67 + cells, ONC201 may reduce metastasis by impeding other key events in tumor metastasis unrelated to TRAIL.
The increased level, accumulation within tumors, and activation of NK cells both in vivo and in culture with human primary NK cells due to ONC201 treatment were unexpected and appeared to promote tumor cytotoxicity in part through NK cell TRAIL secretion. As expected, the TRAIL-sequestering antibody did not completely abrogate NK cell-mediated cytotoxicity in cell coculture, demonstrating that NK cells play a role in ONC201 efficacy that goes beyond TRAIL production. The significant cytotoxicity in the TRAIL-resistant Bax -/-cells in cocultures with both NK cells and Western blot analysis and IHC. Western blot analysis was conducted as previously described, with NuPAGE 4%-12% Bis-Tris gel, and visualized with ECL Prime Western Blotting Detection Reagent (Amersham) or SuperSignal West Femto (Thermo Scientific) and x-ray film and a CytoSMART Live Imaging System (Lonza). For all cell lysis buffers, fresh protease inhibitor (Roche) was added immediately. All antibodies were purchased from Cell Signaling Technology except anti-DR5 (Abcam ab1675) (catalog and clone numbers are listed in Supplemental Table 1 ). After fixation, the tumor samples were embedded in paraffin, and 8-μm sections were cut and mounted on slides. The sections were then processed and analyzed using IHC with TRAIL, Ki-67, cleaved caspase-3, CD3, and GFP antibodies, similar to the previously described method (1). CD31 and Ki-67 levels were calculated by independent blind-scoring and the use of the Vectra 3.0 Automated Quantitative Pathology Imaging system and Inform 2.0 software (PerkinElmer) courtesy of the Fox Chase Cancer Center Biosample Repository.
In vivo studies. All animal experiments were conducted in accordance with the IACUC of Fox Chase Cancer Center. For subcutaneous xenografts, 6-week-old female athymic nu/nu mice (Taconic Biosciences) were inoculated with 1 × 10 6 cells of the HT29-luciferase, /J mice (The Jackson Laboratory). All subcutaneous tumors were allowed to establish for 1-3 promoting factors. Of these, IFN-α2a, which induces sustained changes in NK cell responsiveness; IL-12p70, which enhances the cytotoxic activity of NK cells and induces differentiation and growth in T cells; and IP-10/CXCL10, a key chemoattractant for T and NK cell recruitment, are all of interest and further establish that ONC201 has an immune-enhancing role. We plan to pursue further the mechanism of action of these extrinsic signaling pathways on NK cell activation as a result of ONC201 treatment. The induced cytotoxicity in coculture is comparable to that resulting from the activation of NK cells by increased IL-2 and IFN-γ, without the added toxicity that these 2 cytokines provoke, making ONC201 a potentially attractive method of increasing the immune response (28, 29) . The increase in CD3 + T cells shows a distinct promotion of the immune system, with CD4 + and CD8 + T cells being present in the tumor. However, CD8a inhibition did not attenuate ONC201's efficacy, suggesting that the T cells play less of a role in ONC201's pro-immune effect. Further, the combination of anti-PD-1 therapy with ONC201 showed some increased efficacy in comparison to the anti-PD-1 monotherapy in CT26 tumors treated with high doses of ONC201, indicating that alleviating T cells of PD-1 expression may enhance ONC201's potency in vivo. However, we did not observe a clear advantageous impact of ONC201 and anti-PD-1 therapies in MC38 tumors or in CT26 tumors treated with lower ONC201 doses. This could be due to the inability of the TCR to recognize the tumors, given that the tumors are not mismatch repair (MMR) deficient and may not secrete enough clonal neoepitopes. It is also possible that with lower ONC201 doses, there may have been weaker signals for immune stimulation. Further studies of whether there could be an advantage to ONC201 and anti-PD-1 therapies in combination may clarify these issues. Overall, the impact of ONC201 on immune surveillance contributes to its efficacy in general and is particularly critical for promoting efficacy in some tumors that are resistant to ONC201 in vitro. There is probably sufficient preliminary evidence to support further testing of ONC201 plus anti-PD-1 in the clinic.
We demonstrate that higher or more frequent ONC201 dosing enhances the antitumor response, metastasis inhibition, and promotion of antitumor immunity. Dose intensification of ONC201 is now being explored in clinical trials to assess the proper regimen for different patient cohorts and is thus of immediate impact in the clinic. It is of clinical relevance that the pharmacodynamic effect of ONC201 extends for days to weeks beyond its serum half-life of 10 hours (9), and thus the most efficacious dosing in the clinic needs to be modeled by the pharmacodynamics characteristics. Additionally, we found no evidence that dosing based more on pharmacokinetics characteristics, i.e., daily dosing, provides any advantage over twice-weekly or weekly dosing. An important outcome of this study is the suggestion that, along with other biomarkers, monitoring of NK cell numbers, the state of NK cell activation in the blood, and NK infiltration in post-treatment biopsies of patient tumors has the potential to yield useful correlative clinical information with ONC201 efficacy. Initial patient data from a phase II clinical trial demonstrate that patients who received ONC201 treatments exhibit increased NK cell populations in their peripheral blood. These NK cells were activated and secreted TRAIL, similar to what was jci.org Volume 128 Number 6 June 2018
on the CT scans with a connected nearest-neighbor seed growing algorithm, using 1 voxel in the lung as a seed point, and manually setting the seed thresholds. The lung tissue present outside the air space, as well as any structures identified as tumors, was determined manually using a 3D region-of-interest tool. All image analyses were performed with VivoQuant software (Invicro Inc.). ELISAs. A total of 100-150 μl blood was collected through orbital blood draw as described above, and plasma was collected in EDTA tubes and serum collected in heparin separating tubes. Tubes were spun at 1,000 g for 15 minutes. Samples were analyzed using a Human TRAIL (also known as TNFSF10) Quantikine ELISA kit (R&D Systems). All analyses were performed according to the manufacturer's directions.
For conditioned media studies, a mesoscale multiplex ELISA was used. Conditioned media was harvested from the cell lines at designated times and doses. Three separate conditioned media samples per cohort were harvested and run in duplicate. The mean of each duplicate was taken and compared using a 2-sided Wilcoxon's rank-sum test.
In vitro tumor migration and invasion assays. Boyden assays were performed using the QCM ECMatrix Cell Invasion Assay (Millipore, ECM550) and the Cultrex cell migration assay (R&D Systems, 3465-096-K). Cell migration and invasion were also assessed using the realtime xCelligence system (ACEA Biosciences Inc.). Invasion assays in the xCelligence system were conducted with Matrigel (33). Wound healing assays were performed with the CytoSelect Wound Healing Assay kit (Cell Biolabs Inc., CBA-120T). Cell viability was confirmed by Trypan blue or Cell TiterGlo; data were only included if cell viability was greater than 75%.
In vitro tumor and NK cell coculture. NK92 cells were maintained in 4% IL-2 media and before experiments were maintained in low-IL-2-containing (1%) media. Tumor cell lines were plated at 30,000 cells/ well on an 8-well chamber slide for 24 hours. NK92 cells were washed, suspended in fresh media, and then plated over the tumor cells at a concentration of 80,000 cells/ml. Alternatively, conditioned media (media as shown in the figures) from the NK cells cultured for 48 hours was added to the tumor cells. After 48 hours of coculturing, NK92 cells were removed, and both NK and tumor cells were stained with calcein blue and ethidium homodimer. Non-GFP-expressing tumor cells were labeled with anti-EPCAM-1 antibody (1:200), followed by Alexa Fluor 488 secondary antibody (1:200). NK92 cells were labeled with CD56-APC (BioLegend, 318309). Immunofluorescence was performed on the Nuance multispectral imaging system. As an alternative for measuring tumor cell viability in coculture, the CellTiter-Glo assay (Promega, as directed) was used directly after NK cells were removed. Plates were analyzed using the IVIS system described above in In vivo mouse tumor imaging. As controls, NK92 cells were incubated in media with a level of high IL-2 (4%) and 400 U/ml IFN-γ.
In vitro primary NK cell analysis. Primary NK cells were acquired from peripheral blood of healthy donors per the IRB protocol. Lymphocytes were isolated through Lymphoprep (STEMCELL Technologies, 07801) centrifugation, and NK cells were isolated using the EasySep Human NK Cell Isolation Kit and magnet per the manufacturer's instructions (STEMCELL Technologies, 17955). NK cells were then incubated overnight with 1% IL-2 with or without ONC201. IFN-γ assay was performed by incubating cells with IFN-γ and then with IFN-γ-PE and antibodies listed in Supplemental Figure 10A . LAMP1 weeks after injection until they reached a volume of approximately 150-200 mm 3 before treatment initiation. Mice were monitored every 3 days, and tumors volumes were measured using calipers. For the surgical method, mice were anesthetized using isoflurane after the tumors reached 1,000 mm 3 , and to remove the tumor, an incision to the surrounding skin was made and the tumor scraped out. All bleeding was controlled, and the wound closed using surgical wound clips. Mice were monitored every 6 hours for 2 days until they recovered. For tail vein injections, the same cell number as above for each tumor type was placed into 150 μl PBS and injected through the tail vein. Mice were monitored daily for the first 3 days.
ONC201 injections were administered subcutaneously at indicated doses in 20:80 DMSO/PBS or orally in 10:70:20 DMSO/ PBS/Cremophor EL as described previously (1) . GM1 was delivered every 5 days (Wako, 986-10001). PD-1 was injected at 200 μg every 3 days (Bio X Cell, BE1046). CD8a inhibitor was injected at 400 μg twice a week (Bio X Cell, 0061). PD-1 inhibition and staining were confirmed by staining one ONC201 monotherapy-treated tumor with Bio X Cell PD-1; eBioscience PD-1-PE; or Bio X Cell PD-1 for 2 hours, followed by staining with PD-1-PE. The resulting staining indicated that Bio X Cell PD-1 is a true inhibitor of PD-1 (Supplemental Figure 14F ). Tumor volumes were measured according to the formula (L*W 2 )/2.
In vivo pathology and toxicology. Toxicity during the course of ONC201 treatment was adjudged by body weight decrease of greater than 10%, tumor growth of more than 10% of body weight, or a body condition scoring less than 2. Serum and plasma samples were collected through orbital bleeding and cardiac puncture before sacrifice, and were immediately stored at 4°C and processed by Antech Diagnostics for complete blood count and chemistry panels. Results were analyzed by board-certified toxicologists. Tumors were measured postmortem through caliper and water density examination. Organ and tumor samples were processed in 10% formalin and fixed in paraffin. Hematoxylin-stained samples were analyzed by a board-certified pathologist to determine whether tumor cells existed on any organs or necrosis occurred in tumors. Board-certified veterinary pathologists also indicated whether signs of toxicity were present.
In vivo mouse tumor imaging. For luciferase cell lines, D-luciferin from Gold Biotechnology was administered weekly according to the manufacturer's instructions (60 μl, 50 mg/ml stock), and imaging was performed on a Xenogen IVIS system. MRI imaging was performed in a vertical-bore 7-T magnet with a Bruker DRX300 spectrometer and ParaVision 3.0 software (Bruker) through the Fox Chase Imaging Core Facility. Custom-built transfer cassettes constructed to compress the mice to an equal thickness of 15.0 mm were used within the MRI scanner to keep the mouse still and administer isoflurane gas. GFP imaging was performed using the Maestro in vivo imaging system (Cambridge Research & Instrumentation) and the Nuance multispectral imaging system (Cambridge Research & Instrumentation). Image data sets were converted and tumor volumes calculated using PARAVISION. Final images were converted to ImageJ (NIH) format. For CT imaging, all mice were imaged in a Sofie Biosciences G8 scanner under isoflurane. CT data sets were acquired with an isotropic voxel size of 200 μm 3 . Mice were maintained under isoflurane anesthesia for the duration of the scan. For analysis, the thoracic cavity was segmented into compartments comprising the heart, lung air space, lung tissue, and discrete tumors on the CT data sets. The lung air space was segmented jci. -(non-T/non-B) population was increased (as in patient 1), the majority population was monocytes. This would not be an expected artifact of the cryopreservation process, as the myeloid lineage cells are more likely to be lost in cryopreservation than lymphocytes, yet here the proportions of monocytes were increased at a few individual time points. Cell proportions normalized with ONC201 treatment, and as in mouse model studies, NK cell proportions and function were augmented. Statistics. Data are presented as mean ± SD. To assess the statistical significance of the differences between group comparisons (vehicle versus ONC201, ONC201 versus ONC201+PD-1), of tumor volume before and after treatment in the tail vein, xenograft, RLU, blood serum, gene expression, and protein expression experiments, a 2-side Wilcoxon rank-sum test was used. For in vitro experiments, measurements from 3 biological replicates per treatment group were compared unless noted in the figure legends. When there were more than 2 observations made in the xenograft study, the means per mouse (for example, 3 IHC slides were analyzed per tumor, the mean of each tumor) were compared using a 2-sided Wilcoxon's rank-sum test. For Supplemental Figure 6G , metastases were grouped as "<2" and ">2" for the comparison between WT and shTRAIL ONC201 groups using 2-sided Fisher's exact test. For patient samples in Figure 8 , statistical significance was determined by a paired 2-sided t test. For all tests, P < 0.05 was considered statistically significant. Unless otherwise noted in the figure legends, comparisons were made against the vehicle control.
Study approval. For animal studies, all animals were housed and handled in accordance with the Institutional Animal Care and Use Committee of Fox Chase Cancer Center. All studies were performed in accordance with national animal protection laws. For patient studies at Rutgers, the IRB protocol used to obtain patient samples was #Pro20140000405, titled "A phase I single-agent open-label doseescalation study of oral ONC201 in patients with advanced solid tumors." Approval of the protocol was obtained from Health Sciences IRB -New Brunswick/Piscataway and was initially approved October 3, 2014. The latest version of this protocol was approved December 20, 2017, with an expiration date of June 5, 2018. All patients signed informed consent for trial participation. For healthy human NK study the IRB protocol was FCCC 99-802, and was last renewed on May 18, 2017, expiring May 17, 2018.
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JW and WSED designed all the experiments. JW conducted the experiments and wrote the manuscript. CLK assisted in all animal experiments and qRT-PCR work. LZ assisted in all imaging, including IHC and coculture experiments. KSC and AWM assisted in the design of and experimental procedures for human primary NK cell work. KQC assisted with all pathological analysis and IHC analysis. HHH assisted with mouse CT imaging. CBC and JHN conducted NK cell studies utilizing patient-derived samples from the ONC201 clinical trial, and AZ analyzed the patient data and wrote the re lated manuscript sections. AJO contributed to the conceptualization and rationale of the dose intensification experiments. EAR contributed assay was performed by incubating NK cells alone, with 721.221 target cells, or with target cells and 100 ng/ml rituximab. NK cells only degranulate in the presence of 721.221 target cells, allowing us to measure LAMP1 expression of activated NK cells, and rituximab, which increases degranulation, was used as the positive control. Cohorts were as shown in Figure 6C : peripheral blood lymphocytes (PBL), PBL ONC: NK cells alone or with ONC201; PBL+721.221, PBL+721 ONC: NK cells incubated with target cells with or without ONC201; PBL+721+Rxb, PBL+721.221+Rxb ONC: NK cells incubated with target cells and rituximab with or without ONC201. Cells were then rinsed and stained with LAMP1 and antibodies listed in Supplemental Figure 10B . Gating strategies are shown in Supplemental Figure 10 .
Flow cytometry. For flow cytometry analyses, antibodies were purchased from eBioscience unless otherwise indicated (Supplemental Table 1 ). Analysis was performed by incubating cells for 30 minutes on ice with 20 μg/ml purified Fab antibody. Cells were stained with 1% FBS, 0.09% sodium azide in PBS, and red blood cells were lysed in red blood lysis buffer (155 mM NH 4 Cl, 12 mM NaHCO 3 , 0.1 mM EDTA in PBS). Cells were then washed and incubated in 2 μg/ml propidium iodide (PI) in staining buffer. Analyses were performed as shown in Supplemental Figures 7 and 8 . Cellular concentrations of select antibodies were determined with LSRII (Beckton Dickinson) and analyzed with FlowJo software (Tree Star).
Patient analysis. Cells from patients treated with ONC201 (ClinicalTrials.gov, NCT02250781) were obtained by peripheral blood draw. Peripheral blood mononuclear cells (PBMCs) were isolated from blood on the day of the blood draw by Ficoll-Hypaque density centrifugation and frozen prior to analysis in CryoStor solution (BioLife Solutions). Thawed cells were washed in PBS and incubated with fluorescent-labeled antibodies at 4°C for 20 minutes for extracellular staining, permeabilized, and incubated with fluorescent-labeled antibodies at 4°C for 30 minutes for intracellular staining. Analysis of live, non-debris, singlet leukocytes was performed as previously described (34) using an LSRII flow cytometer and FlowJo software.
Steps to maintain optimum viability of cryopreserved cells for future analyses were taken. Processing of patient blood samples occurred within 1 hour of blood draw, and slow freezing of cells was performed immediately after processing to increase viability. Cryopreserving these cells in this way and then thawing them all at the same time (and antibody staining and flowing them at the same time) ensures similar testing and analyses on all samples and increases the accuracy of the results. Further, all cells were cryopreserved in Cryostor CS10, a solution that mitigates temperature-induced molecular cell stress responses during freezing and thawing. As described by the manufacturer (and observed in our laboratory compared with 90% FBS/10%DMSO), this solution has been proven to be much more effective in reducing post-preservation necrosis and apoptosis compared with commercial and homemade formulations. Citations of cell preservation capabilities and comparisons with other solutions are available from the manufacturer (BioLife Solutions). Importantly, after thawing, viability analysis demonstrated greater than 80% live CD45 + cells across all samples, demonstrating the efficacy of our cryopreservation process and ensuring that analysis produced accurate results. As expected, the immune cell populations among PBMCs varied across the 5 patients and across the 3 time points at which samples were collected from each patient (as shown in Figure 8 , where the NK cells varied across patients and over the 3 time points 
